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Abstract Banana is a staple food and cash crop
grown in East and Central Africa (ECA). The main
banana varieties grown in ECA are the East African
highland bananas (EAHB), although dessert/beer ba-
nanas such as Sukari Ndizi, Kayinja (Pisang Awak)
and Gros Michel are also produced due to their high
value at local markets. The Fusarium wilt fungus
Fusarium oxysporum f. sp. cubense (Foc) causes
disease of susceptible dessert/beer bananas, which
significantly reduces yields. Banana Fusarium wilt
is managed by excluding the pathogen from
disease-free areas and by planting disease-resistant
varieties in infested fields. Six phylogenetically
closely-related vegetative compatibility groups
(VCGs) of Foc, VCGs 0124, 0125, 0128, 01212,
01220 and 01222 are present in ECA, which all
group together in Foc Lineage VI. Rapid and accu-
rate detection of Foc Lineage VI strains is thus im-
portant to prevent its spread to disease-free areas. In
this study, molecular markers specific to Foc Lineage
VI were therefore developed. Primer sets were then
combined in a multiplex PCR assay, and validated on
a worldwide population of 623 known Foc isolates,
other formae speciales and non-pathogenic Fusarium
oxysporum isolates. The Foc Lineage VI multiplex
PCR was used to identify Foc isolates collected in
banana fields at five locations in Uganda and Tanza-
nia. Foc Lineage VI DNA was detected at a
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concentration as low as 0.1 ng/μl, both in the absence
and presence of banana DNA, and can therefore be
used as an accurate diagnostic tool for Foc Lineage
VI strains.
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Introduction
Banana (Musa spp.) is produced as a staple food and
cash crop in Uganda, Kenya, Tanzania, Burundi, Rwan-
da and the Democratic Republic of the Congo (DRC).
This area is collectively known as East and Central
Africa (ECA), and produced 16.8 million of the 153.2
million tons of bananas produced worldwide in 2017
(FAOSTAT 2017). Bananas in ECA are mainly grown
for local consumption and trade, and are valued at an
estimated US$ 4.80 billion (FAOSTAT 2016) annually.
In Uganda, Burundi and Rwanda, annual consumption
levels per capita are approximately 131, 233 and 297 kg,
respectively (FAOSTAT 2013). This is substantially
more than the average annual global consumption of
20 kg per person (FAOSTAT 2013). Yet, the yields in
ECA countries are much lower, often less than 10 tons
per ha year−1, compared to 50 tons per ha year−1
achieved by leading banana-producing countries such
Costa Rica and Indonesia (FAOSTAT 2017). The low
yields in ECA are primarily caused by poor soil fertility,
water shortage, pests and diseases, poor management
and socio-economic constraints (Karamura et al. 1998;
Wairegi et al. 2010; Van Asten et al. 2011).
Fusarium wilt is a soil-borne disease caused by the
fungus Fusarium oxysporum Schlect. f. sp. cubense
(E.F. Smith) Snyder and Hansen (Foc) (Stover 1962).
The disease was first reported in ECA on the ABB
banana varieties Bluggoe and Pisang Awak in Tanzania,
Uganda and Kenya in the 1950s and 1960s, and in
Rwanda and Burundi in the 1980s (Gatsinzi and
Sebasigari 1989; Ploetz et al. 1990). Foc strains causing
disease to bananas in ECA belong to Foc races 1 and 2,
and include vegetative compatibility groups (VCGs)
0124, 0125, 0128, 01212, 01220 and 01222. VCG
0120, 01213/16 and 01214 are also present on the
African continent, but occur only in South Africa, north-
ern Mozambique and Malawi, respectively (Blomme
et al. 2013; Butler 2013; Karangwa et al. 2017). The
six VCGs reported in ECA are phylogenetically related
and all cluster together in Foc Lineage VI (Fourie et al.
2009). VCGs within Lineage VI often form complexes,
of which the VCG 0124–01222 complex is the most
common in the region (Karangwa et al. 2017).
Banana production in ECA is dominated by East
African Highland bananas (EAHB), which are unique
to the region (Karamura et al. 1998; Gold et al. 2002).
Triploid EAHB bananas (AAA), commonly known as
Matoke bananas, are resistant to Foc Lineage VI strains
(Kangire et al. 2000; Tushemereirwe et al. 2000). How-
ever, diploid bananas (AA) grown in some parts of
Kenya (Onyango et al. 2011), and known as Muraru
bananas, are susceptible to Fusarium wilt (Kung’u and
Jeffries 2001). The susceptibility of Mchare (AA) ba-
nanas grown in the Kilimanjaro region in Tanzania (De
Langhe et al. 2001) has not previously been reported.
Foc Lineage VI strains also affect a number of exotic
cultivars introduced onto the continent in the twentieth
century, including dessert bananas such Gros Michel
(AAA), Sukari Ndizi (Apple or Silk-like AAB banana)
and the beer banana Kayinja (Pisang Awak, ABB)
(Karamura et al. 1998; Ploetz and Pegg 2000). Sukari
Ndizi (also known as Kamaramasenge) is becoming
increasingly popular for wine and beer production in
Rwanda. Farmers often grow dessert/beer cultivars in
mixed systems with EAHB. Due to the cost of tissue
culture bananas, suckers are used to establish new plan-
tations (Karamura et al. 1996; Karamura et al. 1998;
Karangwa et al. 2016). As a consequence, Fusariumwilt
is continuously spreading (Blomme et al. 2013;
Karangwa et al. 2016) and is considered as an important
disease in the region (Tushemereirwe et al. 2004; Nkuba
et al. 2015).
Banana Fusarium wilt can be prevented by planting
disease-free bananas in Foc-free fields, and by growing
resistant varieties in Foc-infested fields. For instance,
Cavendish bananas were used to replace the susceptible
GrosMichel bananas in Latin America and Africa when
it became difficult to continue growing Gros Michel for
the international banana export industry (Stover 1962).
Other disease management strategies, however, have
had a limited impact on disease reduction (Ploetz
2015a). Prevention of spread also involves effective
phytosanitary measures and the early detection of the
pathogen in contaminated plants, water and soil (Miller
et al. 2009; Carter et al. 2010). The development of
resistant banana varieties is a slow and expensive pro-
cess and requires adequate screening in fields contami-
nated with all variants of the fungus present in a
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geographical area. For instance, the supposedly resistant
banana hybrid “Golden Beauty” succumbed to Fusari-
um wilt when it was released in Honduras by the Impe-
rial College of Tropical Agriculture (ICTA) in 1928
(Ploetz and Churchill 2011). This failure was attributed
to the lack of consideration of Foc variation during the
screening process (Stover and Buddenhagen 1986). An
accurate diagnostic tool for Foc variants is, therefore,
needed for the management of banana Fusarium wilt.
Race classification has been used to distinguish
among Foc strains, and is based on the pathogen’s
ability to cause disease to a differential set of banana
cultivars. There are three Foc races; race 1, race 2 and
race 4, causing disease to Gros Michel, Bluggoe and
Cavendish cultivars, respectively (Stover 1962; Kung’u
and Jeffries 2001; Ploetz 2006, 2015a). The identifica-
tion of Foc races is, however, not always reliable as
some banana varieties are predisposed to infection by
Foc in unfavourable environments (Ploetz 2015a). For
instance, some Foc strains isolated from Gros Michel
(differential cultivar of Foc race 1) cause disease to
Bluggoe (differential cultivar to Foc race 2) and vice
versa (Kung’u and Jeffries 2001). VCGs are now used
to identify Foc strains, but VCG testing is a time-
consuming technique and and gives no indication of
genetic relatedness/distance between different VCGs.
Molecular diagnostics can speed up identification of
Foc strains and are also more accurate and reproducible
than the VCG technique and pathogenicity tests.
Molecular markers have been developed for the iden-
tification of Foc race 4 strains (Lin et al. 2009; Dita et al.
2010; Lin et al. 2013; Zhang et al. 2013; Aguayo et al.
2017), but are not specific for Foc Lineage VI strains.
The objective of this study was to develop a PCR-based
diagnostic tool targeting Foc Lineage VI strains. The
availability of molecular markers for Foc Lineage VI
could support quarantine regulations in ECA and assist
in the screening of banana varieties for resistance to Foc
in the region. They can also be of value in other geo-
graphic areas where Foc Lineage VI strains affect
bananas.
Materials and methods
Fungal isolates used and DNA extraction
Eighty-four isolates of F. oxysporum, including Foc
isolates representing the 24 known VCGs, other formae
speciales and non-pathogenic isolates, were used to
develop a Lineage VI-specific primer set (Table 1).
Additionally, 623 fungal isolates from a worldwide
Foc collection were used to validate the markers
(Online Resource 1). The isolates are all single-spored
cultures and are maintained in the culture collection of
Stellenbosch University’s Department of Plant Patholo-
gy (USPP) in 15% glycerol at −80 °C.
DNA was extracted after growing the cultures on
potato dextrose agar (PDA) in 90-mm-diameter Petri
dishes at 25 °C for 7 days. Mycelia were scraped off
the media with sterile scalpel blades, and transferred into
2 ml Eppendorf tubes. DNA was extracted using the
Wizard SV Genomic DNA Purification Systems kit
according to the manufacturer’s instructions (Promega,
Madison, USA) and stored at −20 °C until use.
Primer design
Multiple sequence alignment databases of translation
elongation factor-1 alpha (TEF-1α) (Fourie et al.
2009) and DNA-directed RNA polymerase III subunit
(RPC2) gene regions (unpublished data) available at
Stellenbosch University were used to identify single
nucleotide polymorphisms specific to Foc Lineage VI.
DNA sequence
DNA of each fungal isolate was first sheared into 300-
bp fragments using a Covaris S2 (Woburn, MA, USA)
instrument, and the DNA fragments used to prepare
libraries for sequencing according to instructions pro-
vided in the NEBNext DNA library preparation kit for
Illumina (New England Biolabs, Ipswich, MA, USA).
The quality and quantity of the DNA fragments were
verified using anAgilent Bio-analyser (Santa Clara, CA,
USA). The DNA of the 84 isolates was sequenced in
two lanes of an Illumina Hiseq 2000 (San Diego, CA,
USA), and raw reads were pre-processed with
Trimmomatic (Bolger et al. 2014). Trimmed reads were
then mapped to 10 selected conserved single copy
orthologous genes provided by Li-Jun Ma (University
of Massachusetts, MA, USA). Mapping was done in
CLC genomics workbench version 11 (Qiagen, Hilden,
Germany) using default parameters to create a consen-
sus sequence of each gene for each isolate.
Sequence alignment and primer design.
Multiple sequence alignments of both gene areas
were performed using MAFFT software version 5.85
Eur J Plant Pathol
Table 1 Fusarium isolates selected for specificity testing of primers designed from the translation elongation factor-1 alpha (TEF-1α) and
DNA-directed RNA polymerase III subunit genes for Fusarium oxysporum f. sp. cubense (Foc) Lineage VI
Serial # Collection number Country origin VCG or forma specialis Host
1 CAV 095 South Africa 0120 Banana
2 CAV 289 Brazil 0120 Banana
3 CAV 980 Canary islands 0120/15 Banana
4 CAV 191 Indonesia 0120/15 Banana
5 CAV 2318 Taiwan 0121 Banana
6 CAV 2365 Taiwan 0121 Banana
7 CAV 618 Philippines 0122 Banana
8 CAV 181 Philippines 0122 Banana
9 CAV 2234* Cambodia 0123 Banana
10 CAV 1983* Philippines 0124 Banana
11 CAV 939 Thailand 0123 Banana
12 CAV 2260 Sri lanka 0124 Banana
13 CAV 2123 Cambodia 0124 Banana
14 CAV 626 Malawi 0124/5 Banana
15 CAV 968 India 0124/5 Banana
16 CAV 967 Philippines 0124/5 Banana
17 CAV 2282 Malaysia 0125 Banana
18 CAV 941 Thailand 0125 Banana
19 CAV 785 USA 0126 Banana
20 CAV 793 Indonesia 0126 Banana
21 CAV 1050 Honduras 0126 Banana
22 CAV 2013 Vietnam 0128 Banana
23 CAV 2037 Bangladesh 0128 Banana
24 CAV 1089 Australia 0129 Banana
25 CAV 632 USA 01210 Banana
26 CAV 788 USA 01210 Banana
27 CAV 2864 DRC 01212 Banana
28 CAV 2618 Tanzania 01212 Banana
29 CAV 610 Malaysia 01213 Banana
30 CAV 2346 Taiwan 01213 Banana
31 CAV 789 Australia 01213/16 Banana
32 CAV 1185 Philippines 01213/16 Banana
33 CAV 189 Malawi 01214 Banana
34 CAV 604 Indonesia 01216 Banana
35 CAV 852* Malaysia 01216 Banana
36 CAV 2307 Taiwan 01216 Banana
37 CAV 1959* Sri lanka 01217 Banana
38 CAV 871 Malaysia 01217 Banana
39 CAV 2156 Cambodia 01218 Banana
40 CAV 2285 Malaysia 01218 Banana
41 CAV 847 Indonesia 01219 Banana
42 CAV 848 Indonesia 01219 Banana
43 CAV 1889 India 01220 Banana
44 CAV 2400 Bangladesh 01220 Banana
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Table 1 (continued)
Serial # Collection number Country origin VCG or forma specialis Host
45 CAV 2119 Cambodia 01221 Banana
46 CAV 2226 Cambodia 01221 Banana
47 CAV 998 Uganda 01222 Banana
48 CAV 2249 Cambodia 01222 Banana
49 CAV 315 PPRI 5456 F. oxysporum f. sp. lycopersici Tomato
50 CAV 317 PPRI 4923 F. oxysporum f. sp. melonis Melon
51 CAV 324 SP.257 F. oxysporum f. sp. niveum Watermelon
52 CAV 327 CBS 491.97 F. oxysporum f. sp.dianthi Carnation
53 CAV 328 CBS 137.97 F. oxysporum f. sp. gladioli Gladiolus
54 CAV 329 CBS 259.51 F. oxysporum f. sp. lini Flax
55 CAV 331 CBS 195.65 F. oxysporum f. sp. tulipae Tulip
56 CAV 333 CBS 935.73 F. oxysporum f. sp. phaseoli Climbing bean
57 CAV 334 CBS 127.73 F. oxysporum f. sp. pisi Pea
58 CAV 338 CBS 783.83 F. oxysporum f. sp. elaeidis Oil palm
59 CAV 339 CBS 179.32 F. oxysporum f. sp. nicotianae Tobacco
60 CAV 340 CBS 744.79 F. oxysporum f. sp. passiflorae Passion fruit
61 CAV 341 CBS 794.70 F. oxysporum f. sp. perniciosum Mimosa
62 CAV 345 CBS 129.81 F. oxysporum f. sp. chrysanthemi Ornamentals
63 CAV 385 MRC 2301 F. proliferatum Maize
64 CAV 528 South Africa F. oxysporum Non pathogen
65 CAV 529 South Africa F. oxysporum Non pathogen
66 CAV 530 South Africa F. oxysporum Non pathogen
67 CAV 531 South Africa F. oxysporum Non pathogen
68 CAV 201 South Africa F. oxysporum Non pathogen
69 CAV 202 South Africa F. oxysporum Non pathogen
70 CAV 600 Indonesia Not known Banana
71 CAV 818 Indonesia Not known Banana
72 CAV 853 Malaysia Not known Banana
73 CAV 909 Malaysia Not known Banana
74 CAV 1024 Mexico Not known Banana
75 CAV 616 Philippines Not known Banana
76 CAV 615 Philippines Not known Banana
77 CAV 620 Philippines Not known Banana
78 CAV 624 Philippines Not known Banana
79 CAV 898* Philippines Not known Banana
80 CAV 1011* Vietnam Not known Banana
81 CAV 1003* Vietnam Not known Banana
82 CAV 1004* Vietnam Not known Banana
83 CAV 3445* Mozambique 0128 Banana
84 CAV 3448* Mozambique 0128/22 Banana
*Isolates not tested with primers designed from the TEF-1α gene region
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(Katoh et al. 2005), and visualizedwithMEGA software
for easy identification of single nucleotide polymor-
phisms (SNPs) specific to Foc Lineage VI. A primer
set was designed based on unique SNPs in RPC2 gene
region that are specific to Foc Lineage VI isolates.
Primers were designed with Primer3 software using
the following oligonucleotide properties: Melting tem-
peratures between 55 and 65 °C, primer length between
18 and 25 bp, GC content between 40 and 60%, and 3′-
end sequence and self-dimers checking(Untergrasser
et al. 2012).
Specificity testing of the primer set
Each primer set was first tested on seven isolates
representing seven Foc lineages (Fourie et al. 2009).
When the primer set proved to be specific, the testing
was extended to a collection of 84 F. oxysporum iso-
lates, including representatives of the 24 Foc VCGs,
other formae speciales and non-pathogenic isolates
(Table 1).
Each PCR reaction consisted of 25 μl including
12.5 μl of Kapa ready mix (1 U per 50-μl reaction of
Kapa Taq DNA Polymerase, 0.2 mM of each dNTP,
1.5 mM MgCl2 and stabilisers) (Kapa biosystems,
Cape Town, South Africa), 9.5 μl nuclease-free water,
0.5 μl of each of the 10 μM primers, and 2 μl of the
10 ng/μl DNA template. PCR conditions consisted of an
initial denaturation step at 95 °C for 2 min, followed by
30 cycles for denaturation at 95 °C for 30 s, annealing at
62 °C for 30 s and elongation at 72 °C for 30 s. The final
extension step was set at 72 °C for 5 min.
Multiplex assay, validation and sensitivity testing
The primer set developed in the current study was
combined in a multiplex PCR assay with the primer
set FocLin6bF (5’-CGACAATGAGCTTATCTGCC
ATT-3′) and FocLin6bR (5’-CATCGAGGTTGTGA
GAATGGA-3′) (Karangwa 2015). FocLin6bF/R, also
specific to Foc Lineage VI, was designed from the
translation elongation factor-1 alpha (TEF-1α) gene
region and amplified a DNA fragment of 300 base pairs
(bp). In the multiplex PCR reaction, 12μl of Kapa ready
mix, 9.0 μl nuclease-free water, 0.5 μl of each of the
10μMprimers and 2 μl of 10 ng/μl DNA template were
used in the 25 μl reaction mix. PCR conditions were set
as described above. The specificity of the multiplex
assay was then validated against a worldwide
population of 623 isolates of F. oxysporum isolates
including Foc isolates, other formae speciales and
non-pathogenic isolates from different regions of the
world (Online Resource 1). The sensitivity of the primer
sets in the multiplex PCR was also tested on decreasing
concentrations from 5 to 0.01 ng/μl of fungal DNA and
in the presence of 50 ng/μl banana DNA. Positive
controls were included for the detection of false
negatives.
Identifying Foc isolates in five locations of ECA
Collection of samples
Eighty-nine banana farms were surveyed in five loca-
tions in two ECA countries in 2016 and 2017, and 220
samples collected from banana plants showing typical
symptoms of Fusarium wilt. The locations were consid-
eredmajor banana-growing regions in the two countries,
and included Kawanda and Mbarara in Uganda, and
Aru sh a , Mbeya and Bukoba i n Tanzan i a
(Online Resource 2). Banana plants expressing typical
external symptoms such as leaf yellowing and collaps-
ing were selected, and their pseudostems split open to
expose the internal symptoms of Fusariumwilt. Three to
five vascular strands per plant were sampled from dis-
eased pseudostems, placed in a paper towel and kept in
paper envelope bags. Samples were transported and
stored at room temperature prior to isolation. Informa-
tion on cultivation history, disease incidence, affected
varieties and GPS coordinates were also recorded. The
disease incidence was evaluated using two approaches
because susceptible cultivars to Fusarium wilt were
grown in mixtures with resistant cultivars including
EAHB, plantains and Cavendish types. For the first
approach the disease incidence was determined as a
percentage of diseased plants out of the total number
of susceptible plants. In the second approach, the per-
centage of diseased plants out of 30 plants randomly
selected at the farm, including all banana types, was
used.
Fungal isolation, morphological identification
and storage
Fungal isolation was carried out at USPP. Two to three
fragments of about 5 mm each per sample were excised
from the vascular strands and plated onto PDA amended
with streptomycin (4 mg/L). Cultures were incubated at
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25 °C for 5–7 days, purified and single-spored, and
maintained in 15% glycerol at −80 °C in the CAV
culture collection of USPP. All isolates were grown on
PDA and carnation leaf agar (CLA) for cultural and
morphological identification according to Leslie and
Summere l l (2006) . I so la t es cons ide red as
F. oxysporum species were further tested with the mul-
tiplex PCR developed for Foc Lineage VI. Non-Fusar-
ium species, which were culturally and morphologically
characterised, were not further investigated.
Molecular identification of Fusarium species
All F. oxysporum isolates collected from diseased ba-
nanas in ECA were first identified using the multiplex
PCR, both as single-spore cultures and in infected
strands collected from diseased banana plants. Genomic
DNA from banana tissue was extracted using a
NucleoSpin® Plant II kit (Macherey-Nagel, Düren, Ger-
many). The PCR reaction for in planta detection was
carried out as follows: A total reaction volume of 40 μl
was used that contained 4 μl 10x NH4 reaction buffer,
2 μl of 50 mMMgCl2, 0.8 μl of 250 μMdNTPs, 2 μl of
20 ng/ml bovine serum albumin (BSA), 0.13 μl of 5 u/
μl Taq polymerase, 0.8 μl of each of the10 ng/μl
primers, 25.87 μl nuclease-free water and 2 μl of
DNA template. PCR conditions were similar to those
described for the amplification of fungal DNA.
Vegetative compatibility characterization of Foc
The identity of all Foc cultures recovered from diseased
banana pseudostems was confirmed by VCG analysis
(Leslie and Summerell 2006). The isolates were first
cultured on PDA at 25 °C for 7 days, and small plugs
of the developing mycelia transferred to minimal media
amended with 1–3% KClO3. The isolates were then
incubated at 25 °C for 7–21 days, and ClO3-resistant
mutants that developed were transferred to minimal
media slants. Colonies with sparse mycelial growth
were considered nitrate non-utilizing (nit)-mutants, and
phenotyped as nit-1, nit-3 or Nit-Mmutants (Leslie and
Summerell 2006). Nit-1 mutants of unknown isolates
were then paired with the Nit-M mutant of the same
isolate on minimal medium to confirm heterokaryon
self-compatibility, and with the Nit-M of the tester iso-
late to determine their VCG identity. Heterokaryons are
identified when complementary hyphae of nit-mutants
anastomose to form a fluffy wild-type (Leslie and
Summerell 2006). If fluffy wild-type growth occur be-
tween the mutants, the unknown isolate will belong to
the same VCG as the tester strain. Heterokaryon self-
incompatible strains are identified when the nit-1 mu-
tants do not pair with their own Nit-M mutants.
Results
Primers and their specificity to the lineage VI
The two best performing primer sets were FocLin6bF
(5’-CGACAATGAGCTTATCTGCCATT-3′) and
FocLin6bR (5’-CATCGAGGTTGTGAGAATGGA-
3′) that amplified a DNA fragment of 300 bp within
the TEF-1α gene region, and FocLinVI-F (5’-
AGGGACTGGATTTCTACCCT-3′) and FocLinVI-R
(5’-GTGTCACTTGGTCCTCGTAT-3′) that amplified
a 1002 bp DNA fragment in the RPC2 gene region. For
the former, the forward and reverse primers were de-
signed to include SNPs specific to Foc Lineage VI at
positions 60 and 356 bp, respectively (Fig. 1). For the
latter, the forward primer included a SNP exclusive to
Foc Lineage VI at the 3′-end at position 1007, while the
reverse primer has two specific SNPs at positions 1989
and 1992 at the 3′-end (Fig. 2). When the specificity of
both primer sets was tested on seven Foc strains it
exclusively amplified CAV 2260, an isolate that
representing VCG 0124 in Foc Lineage VI, but not the
isolates that represent the other six Foc lineages (Fig. 3).
When the specificity test was extended to 84 isolates
(Table 1), both primer sets consistently amplified only
isolates associated with Foc Lineage VI.
Multiplex assay, validation and sensitivity testing
The two primer sets, FocLinVI-F/R and FocLin6bF/R,
successfully amplified the two expected DNA frag-
ments of Foc Lineage VI (CAV 2260) in a multiplex
assay (Fig. 3). When tested against a worldwide popu-
lation of 623 fungal isolates the two primer sets only
amplified Foc Lineage VI isolates. There was no ampli-
fication of other Foc lineages, formae speciales or non-
pathogenic F. oxysporum isolates. The primers could
detect fungal DNA as low as 0.1 ng/μl in the absence
and presence of 50 ng of banana DNA, and were sensi-
tive enough to detect the isolates of the Foc Lineage VI
in diseased plants (Fig. 4).
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Fig. 1 Sequence alignment of the translation elongation factor 1α gene of eight lineages ofFusarium oxysporum f. sp. cubense. The forward
primer included a Lineage VI-specific SNP at position 60, while the reverse primer include the Lineage VI-specific SNP at position 356
1007 1989 1992
Fig. 2 Sequence alignment of the DNA-directed RNA polymer-
ase III subunit region (RPC2) of Fusarium oxysporum f. sp.
cubense (Foc) isolates representing 24 vegetative compatibility
groups. The dark blocks show single nucleotide polymorphisms
exclusive to Foc Lineage VI. The forward primer was designed to
include the Lineage VI-specific SNP at position 1007, while the
reverse primer was designed to include the Lineage VI specific
SNP at position 1989 and 1992
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Banana varieties affected by Foc and Fusarium wilt
incidence
Fusarium wilt was found in susceptible banana cultivars
such as Sukari Ndizi (AAB), Pisang Awak (ABB) and
Mchare (AA) bananas at the five locations surveyed in
Uganda and Tanzania, but not on plantain and EAHB
bananas. Foc was mostly recovered from Sukari Ndizi
in Uganda and Sukari Ndizi, Pisang Awak and Mchare
in Tanzania. The highest incidence of Fusariumwilt was
recorded in Mbeya, Tanzania. Sixty-four percent of
plants from susceptible varieties were affected by the
disease, but when all the banana varieties were taken
into account, the disease incidence dropped to 17%. At
Kilimanjaro in Tanzania, 29% of Mchare bananas were
affected by Fusarium wilt, and in Uganda (Mbarara and
Kawanda) the incidence was highest in farms planted
with Sukari Ndizi. In the two countries 49, 29 and 13%
of the Foc isolates were collected from Sukari Ndizi,
Pisang Awak and Mchare bananas, respectively
(Table 2). The remaining 9% of isolates were collected
from Khom, Safeti Velchi, Embu, Figue Pomme
Geante, Kisubi, Kataraza, Kikonjwa, Gros Michel,
Home, Igyinga and Kijoge bananas (Table 2). Fusarium
wilt was not observed on Matoke and Cavendish
bananas.
Identifying F. oxysporum isolates from ECA
Two hundred and twenty isolates collected in Tanzania
and Uganda were identified as F. oxysporum using
cultural and morphological characteristics. These iso-
lates showed typical cottony growth with a white to
violet colour on PDA. The F. oxysporum isolates pro-
duced elliptical-shaped microconidia, slightly-curved
macroconidia and round chlamydospores produced
alone or in pairs on CLA. The isolates all tested positive
for Foc Lineage VI multiplex PCR. VCG analysis fur-
ther characterised these isolates as as members of VCG
0124 (22 isolates), VCG 0125 (5), VCG 0128 (5), VCG
Fig. 3 Specificity testing of the two primer sets individually and
combined in a multiplex PCR assay for Fusarium oxysporum f. sp.
cubense (Foc) Lineage VI. Left: A 300 bp fragment amplified by
the FocLin6b primer set, Middle: A 1002 bp fragment amplified
by the FocLin VI primer set, and Right: Both 300 bp and 1002 bp
fragments of Foc amplified by the two primer sets in a multiplex
PCR assay. Lanes 1–8: Isolates CAV 980, 618, 789, 871, 968,
2260, 317 and a non-template control; representing Foc Lineage
IV, III, V, VIII, VI and F. oxysporum f. sp. melonis, respectively.
Fig. 4 Sensitivity testing of the FocLin6F/R and FocLinVI-F/R
markers for the detection of Fusarium oxysporum f. sp. cubense
Lineage VI. Left: amplification of Foc DNA at decreasing con-
centrations, with lanes 1 to 5 corresponding to 5; 2; 1; 0.1 and
0.01 ng/μl, respectively. Middle: Amplification of Foc DNA at
decreasing concentrations in the presence of banana DNA, with
lanes 1 to 5 corresponding to 5; 2; 1; 0.1 and 0.01 ng/μl mixed
each with 50 ng of banana DNA. Right: Detection of Foc in
infected planting materials. Lanes 1 to 7 represent seven samples
collected from seven ‘GrosMichel’ plants artificially infected with
Foc Lineage VI isolates CAV 2576, 2595, 2599, 2640, 2750, 2858
and 2880
Eur J Plant Pathol
01212 (64), VCG 01220 (1), VCG 01222 (18) and VCG
complexes thereof (100) (Table 2). Five isolates were
heterokaryon self-incompatible (Online Resource 2).
VCG 0124 and the VCG complexes 0124/22 and
0124/8/22 were dominant in Mbarara, Kawanda, Kage-
ra and Arusha (Table 2, Fig. 5). VCG 01212 was the
most abundant VCG found in Mbeya, Tanzania, but it
was not found in Uganda (Table 2, Fig. 5). VCG 01220
was the least represented (Online Resource 2) with a
single isolate from Kagera (Pisang Awak). All the Foc
Lineage VI VCGs were recovered from Pisang Awak,
while Sukari Ndizi hosted all the Foc Lineage VI VCGs
except VCG 01220. The VCGs recovered from Mchare
were VCGs 0124, 01212, and VCG complexes 0124/22
and 0124/8/22 (Table 2, Online Resource 2).
Discussion
VCGs in Foc Lineage VI are the only strains of the
Fusarium wilt fungus found in ECA (Kung’u and
Jeffries 2001; Blomme et al. 2013; Karangwa et al.
2017). They also occur commonly in many other
banana-growing countries, particularly in India and Asia
(Mostert et al. 2017). Foc Lineage VI isolates are char-
acterized by pathogenicity testing and VCG analysis,
and cannot be distinguished from other Foc or non-
pathogenic F. oxysporum strains by morphological dif-
ferences (Ploetz 2000). Pathogenicity testing and VCG
analysis, however, are laborious and time consuming.
Disease development is also influenced by the environ-
ment, while VCG analysis requires the availability of
Table 2 Vegetative compatibility groups of Fusarium oxysporum f. sp. cubense collected from banana at five localities in Uganda and
Tanzania
Site Variety VCG groups VCG complexes Total %
0124 0125 0128 01212 01220 01222
Pisang Awak 1 1 0.5
Kawanda Sukari Ndizi 1 13 14 6.5
Khom 1 1 0.5
Safeti Velchi 1 1 0.5
Mbarara Embu 1 1 0.5
Sukari Ndizi 2 15 17 7.9
Mchare 3 2 22 27 12.6
Mchare Mlelembo 1 1 0.5
Ijihu Inkundu 1 1 0.5
Arusha Sukari Ndizi 3 1 2 6 12 5.6
Pisang Awak 3 9 12 5.6
Pisang Kepok 1 1 0.5
Figue Pomme Geante 1 1 0.5
MV1F1 1 1 0.5
Mbeya Sukari Ndizi 3 1 47 6 57 26.5
Pisang Awak 8 1 3 12 5.6
Pisang Awak 4 5 4 4 1 5 15 38 17.7
Sukari Ndizi 2 1 1 1 5 2.3
Kisubi 1 1 2 0.9
Kagera Kataraza 1 1 0.5
Kikonjwa 1 2 3 1.4
Gros Michel 1 1 0.5
Home 1 1 2 0.9
Igyinga 1 1 2 0.9
Kijoge 1 1 0.5
Total 22 5 5 64 1 18 100 215 100
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Fig. 5 Geographical distribution of vegetative compatibility groups (VCGs) of Fusarium oxysporum f. sp. cubense in the five locations of
east and central Africa
Eur J Plant Pathol
reference strains, which presents a quarantine risk. Veg-
etative self-incompatibility can occur when a particular
strain’s nit-mutants do not pair with itself or with Foc
VCG testers, making VCG characterisation unreliable
(Bentley et al. 1998; Lodwig et al. 1999; Mostert et al.
2017; Karangwa et al. 2017). The markers developed in
this study, therefore, present a valuable tool that can be
used to speed up the identification of Foc Lineage VI
strains and to guide the management of banana Fusari-
um wilt in ECA. It can also be used to accurately
identify Foc Lineage VI strains in infected planting
material.
This study confirms for the first time that Foc Line-
age VI strains can affectMchare bananas in Tanzania. In
addition, popular dessert/beer banana varieties grown by
smallholder farmers for local markets in ECA, such as
Sukari Ndizi, Kayinja and Gros Michel (Kung’u and
Jeffries 2001; Blomme et al. 2013; Karangwa et al.
2017) were also affected, but not the internationally
traded Cavendish variety. Within ECA, Cavendish ba-
nanas are regarded as inferior to ‘Pisang Awak’, which
are highly valued for the production of wine, beer and
liquors due to their higher sugar content, as well as
Sukari Ndizi and Gros Michel that are highly prized as
a table banana in urban areas (Karangwa et al. 2016).
Some ECA countries have even envisaged the export of
Sukari Ndizi, but were discouraged by the damage
caused by Fusarium wilt on the cultivar in the region
(Van Asten et al. 2010; Karangwa et al. 2016). Consid-
ering the current lack of resistant genotypes to replace
Mchare cooking bananas and popular dessert/beer/wine
bananas in the region, the production of such bananas
relies on planting of disease-free plants in pathogen-free
areas, as well as pathogen exclusion. These include the
use of plants produced in tissue culture and the enforce-
ment of quarantine regulations. The spread of Foc to
new areas can be prevented by restricting the movement
of diseased vegetative material, and by the early identi-
fication and rogueing of infected plants. In this regard,
the molecular markers developed in this study could be
a valuable tool to accurately and rapidly detect Foc
Lineage VI isolates in diseased planting materials.
Foc TR4 is considered the most destructive Foc race
known (Ploetz 2015b). It was first detected in Indonesia
and Malaysia in 1990, and has since spread throughout
Asia and to the Middle East (Viljoen et al. 2019). Foc
TR4 was detected in northern Mozambique in 2013
(Beed 2013)and there are significant concerns that the
fungus may spread to neighbouring countries such as
Tanzania, Malawi, Zimbabwe and Zambia through the
transboundary movement of planting material. Com-
mercial Cavendish plantations are now expanding in
east and southern African countries for regional markets
and export to the Middle East. In addition to Cavendish
bananas, Foc TR4 can threaten Foc Lineage VI-
susceptible varieties in Africa such as Mchare, Pisang
Awak and Sukari Ndizi. Symptoms caused by Foc TR4
do not differ visually from those caused by Foc races 1
or 2. Therefore, molecular markers of Foc Lineage VI
developed in this study, and available Foc TR4 markers
(Lin et al. 2009; Dita et al. 2010; Lin et al. 2013; Zhang
et al. 2013; Aguayo et al. 2017), should be combined
and made available to extension services and agricultur-
al research centres to enhance their capacity to diagnose
Fusarium wilt pathogens in the East and Central African
region.
Sequence variability among closely-related fungal
species is essential for marker development. The align-
ment of the TEF-1α and RPC2 gene sequences of Foc
demonstrated that Foc Lineage VI isolates contain SNPs
useful for marker design. The TEF-1α region is a con-
served and highly informative gene region in Fusarium
species, and is extensively used for phylogenetic and
evolutionary studies, as well as for molecular identifi-
cation (Geiser et al. 2004; O’Donnell et al. 2010). TEF-
1α gene sequences have been used to differentiate phy-
logenetic lineages of Foc (O'Donnell et al. 1998; Fourie
et al. 2009). RPC2 has also proved to be phylogeneti-
cally informative for the F. oxysporum species complex
(Epstein et al. 2017), and was a good candidate gene
region for marker development in this study. The use of
two primer sets in a multiplex PCR can prevent the
undesirable event of obtaining false negatives, as each
amplicon serves as a control for the other fragment
(Edwards and Gibbs 1994; Markoulatos et al. 2002).
Degraded DNA can be among the common causes of
failed PCR amplification that results in false negatives
(Schrader et al. 2012).
The Foc Lineage VI-specific markers in this study
could potentially also be altered to detect the fungus
using quantitative real-time PCR (qPCR). The in planta
sensitivity test performed in this study showed that Foc
Lineage VI markers could detect as little as 0.1 ng/μl of
the fungus in the presence of banana DNA and in
planting material. qPCRmarkers may thus be optimised
for the detection of Foc Lineage VI in plants, water and
soil. It could also be used to screen banana varieties for
resistance to Fusarium wilt if pathogen DNA in infected
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tissues (roots and rhizomes), detected by qPCR, corre-
lates to resistance in banana to Foc. Jiménez-Fernández
et al. (2011) and Gramaje et al. (2013), for instance,
have used in planta quantification of F. oxysporum f. sp.
ciceris causing Fusarium wilt in chickpea and
Verticillium dahliae Klebahn causing Verticillium wilt
in olive, respectively, to evaluate genotype resistance.
They found that the amount of pathogen DNA quanti-
fied at the same time point in each genotype correlated
well with the resistance of genotypes.
The incidence of Fusarium wilt on banana farms
in ECA depended on whether susceptible or resistant
cultivars were grown. The incidence was high in
farms dominated by Sukari Ndizi, Pisang Awak
and Mchare bananas, but was low when susceptible
cultivars were mixed with Matoke (EAHB-AAA)
bananas. The low incidence found in mixed cultivar
settings is consistent with previous reports
(Karangwa et al. 2016), although the causes for
disease reduction have not been investigated yet.
The incidence of 29% in Mchare (EAHB-AA) ba-
nanas grown in monoculture at Arusha and Kiliman-
jaro poses a significant threat to the livelihoods of
people in the region. Mchare are cooking bananas
preferred by growers in the region (De Langhe et al.
2001). Mchare bananas are genetically similar to
edible diploid bananas (AA) grown in Kenya with
the generic name ‘Muraru’ (Perrier et al. 2018).
Muraru bananas were previously reported to be sus-
ceptible to Foc VCGs 0124 and 01220 (Kung’u and
Jeffries 2001).
Foc VCG 01212 dominated the Foc population in
Mbeya and has been reported to occur in ECA only
(Karangwa et al. 2017), indicating the potential evolu-
tion of Foc Lineage VI in the region. When compared to
other VCGs in Lineage VI, VCG 01212 has little to no
sequence variation in conserved sequences like TEF, the
intergenic spacer (IGS), RNA polymerase II largest
subunit (RPB1), RNA polymerase II second largest
subunit (RPB2) and mitochondrial subunit (MtSU) gene
regions (Bentley et al. 1998; Fourie et al. 2009; Maryani
et al. 2019). The uniqueness of VCG 01212 to ECA
proves that VCG testing remains important in Foc char-
acterization, as it can provide information about the
evolution and dissemination of pathogens.
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